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1.0 INTRODUCTION

The development of advanced mid-infrared (IR) detectors that can operate at room
temperature has gained much attention recently due to increasing demand in thermal imaging,
pollutant detection etc.'® Commercially available uncooled IR cameras using focal plane arrays
based on thermal detectors are known for low detectivity, slow integration time and small array
format.®> The need for affordable sensors with higher resolution and larger array size is
challenging current IR sensor community to explore alternative material systems. Recently,
several groups reported prototype p-i-n diode arrays using InAs/GaSb superlattices (SLs),*”
opening possibilities of their use as uncooled mid-IR sensors.

However, room temperature operation of SLs as minority carrier devices in the p-i-n
configuration requires a sufficient quantum efficiencies (n) and differential resistances at zero
bias (R,A). Quantum efficiency is determined by the absorption of SL and the minority carrier
diffusion length, while R,A is limited by the dark current resulting mostly from Auger and
defect-driven recombination processes."® For the mid-IR detection (3-5 pm), SLs have achieved
reasonably good absorption (~2000 cm™) due to the intrinsically large electron-hole wave
function overlap. Therefore, major objective during growth optimization process is controlling
residual background carrier concentrations in unintentionally doped regions of p-i-n diodes to
increase the minority carrier lifetimes and reduce the dark current.

According to Kinch,” residual doping concentrations must be reduced below 10** cm™ in
order to produce depletion region widths on the order of 5 um, which are necessary to achieve
sufficient ) for room temperature operation. Recently, several papers addressed the issue of
lowering the residual carrier doping concentrations,®*° however have not reached the desired
goal. In particular study of longer wavelength SLs, Biirkle et al."° showed the importance of
growth temperature (Tg) on the intrinsic carrier type and doping concentration. Moreover, T,
controls anion exchange mechanism that affect interfacial roughness between the layers, which
in turn determines both the majority and minority carrier transport properties along the in-plane
and growth direction.*®

In this task period, we optimized several molecular beam epitaxy (MBE) growth
parameters, especially growth temperature, to reduce the residual background carrier doping in
typical mid-IR 7 ML InAs/8 ML GaSb SLs. In photovoltaic devices, device speed strongly
depends on the minority carrier transport and the carrier transport is mainly limited by extrinsic
scattering mechanism such as interface roughness scattering (IRS) especially for thin SLs,
adjusting growth parameters to reduce interface/layer roughness is important to enhance carrier
mobility. Although interface stoichiometry such as the degree of roughness and intermixing can
be quantified by few micro-techniques such as scanning tunneling microscopy (STM),* it is not
realistic to rely on these techniques to be used in routine base to optimize interface quality.
Therefore, we used in-plane carrier mobility as an indirect assessment of the quality of SL layers
and the degree of IRS. Three growth parameters; growth temperature, in-situ post anneal and
interface control were adjusted for the higher in-plane mobility and smoother interfaces.
Temperature dependent resistivity and single field Hall measurement was used to monitor
intrinsic characteristic of residual carriers in SLs such as the types of carriers, densities and their
in-plane mobilities.



20 SUPERLATTICE GROWTH

The InAs/GaSb SLs were grown by molecular beam epitaxy on unintentionally doped
(100) GaSb (residual p-type). Each sample contains a 0.5 um-thick GaSb buffer layer and a 0.5
pum-thick SL consisting of 110 repeats of alternating 7 ML InAs and 8 ML GasSb layers, which
provides the cut-off wavelength around 4 um in routine base. The V/I1I beam flux ratio was
fixed at ~3, which previously produced smooth surface mopologies.** Growth rates of 0.9 A/s
and 0.25 A/s are used to grow the intended InAs and GaSb layers, respectively. Detail growth
conditions have been reported elsewhere.*® The structural parameters such as strain and the SL
period were determined by high resolution x-ray rocking curves (HRXRC), and the measured
period of 45 A+0.3 A was very close to the intended value. The band gap of the design was
determined by photoresponse and photoluminescence measurements.



3.0 RESULTS AND DISCUSSIONS

To determine residual carrier properties, conventional variable temperature Hall effect
measurements were performed on each grown sample. Ohmic contacts were placed at the
corners of roughly 1x1 cm? van der Pauw samples, and variable temperature (10-300 K)
resistivity and single field (0.5 T) Hall measurements were performed in a guarded direct-current
system. Because residual p-type GaSh substrates can show significant conduction throughout
the temperature range (10-300 K), the Hall mobilities (i) from SL samples were compared with
those obtained from a typical GaSb substrate (Fig. 1).
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Figure 1. The in-plane carrier mobility as a function of growth temperature for the 7 ML InAs/8
ML GaSb superlattices (SLs) grown between 370 to 430 °C and the GaSb substrate. Below 20
K, substrate conduction is frozen out so that the 10 K mobility is dominated by SL themselves.

Above 20 K, the mobility is dominated by the parallel conduction channel through the p-
type substrate. Blow 20 K, the SL and substrate present competing parallel conduction channels
as the number of mobile holes in the substrate increases. Below 10 K, holes in the substrate
move only via hopping with negligible mobilities. Therefore, we take the 10 K results as the
characteristic of the SL themselves. Figure 2 plots the 10 K-carrier densities as a function of T
The lowest carrier density of 1.8 x10** cm™ (~3.6 x10™ cm™®) was obtained from the SL grown at
400 °C. At T? below or above 400 °C, the carrier density slightly increases at a most a factor of
two (3.2 x10™ cm™), but still stays in the low 10™ cm™. All SL samples in the series were
residual p-type and remained as p-type throughout the entire temperature range studied (10-300
K).
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Figure 2. The carrier density and in-plane mobility (the insert) as a function of the growth
temperature (Tg) for the 7 ML InAs/8 ML GaSb superlattice measured at 10 K.

This differs from the results of an earlier magnetic transport study done on longer
wavelength 10 ML InAs/5 ML Ing25Gag 75Sb (binary/ternary) systems.'® The SLs grown at 360
and 380 °C were residual n-type with electron concentration as high as the low 10* cm™®,
meanwhile those grown at 400, 420, and 440 °C were residual p-type with hole concentration
maximum as high as the high 10*> cm™. In our experience, InAs normally grows n-type and
GaSb p-type, therefore the difference seen in Ref. 10 might be coming from using different ratios
of the GaSb-to-InAs layer widths; for our SLs, the ratio is 8-to-7 that favors p-type SLs, whereas
the ratio in Ref. 10 is 1-to-2 that favors n-type SLs as observed. The behavior seen in Fig. 2 can
be explained using similar arguments claimed in Biirkle et al.'° Lower T, lead to an excess of
group V elements, which leads to group 11 vacancies. Increased incorporation of residual group
IV impurities at vacant group I11 sites, where they act as donors, causes the SLs to be less p-type
as seen in Fig. 2 from 370 to 400 °C. With increasing T, the excess of group V atoms
decreases, the number of group 111 vacancies decreases, so that the residual group IV impurities
begin to incorporate at group V sites, where they act as acceptors. The overall trend is to make
the SLs more p-type, as seen in Fig. 2 above 400 °C. However, the residual carrier density in
Ref. 10 changes by about an order of magnitude, whereas the variation in Fig. 2 is only by about
a factor of two. The latter observation is consistent with the fact that our SLs are p-type to begin
with.

In photovoltaic devices, efficient minority carrier conduction and diffusion require high
carrier mobilities for higher speeds of operation and greater diffusion lengths. Since the
mobilities of minority and majority carriers in the growth and in-plane directions are mainly



limited by interface roughness scattering (IRS),™* we can take the in-plane majority carrier
mobilities to be indicative of the minority carrier mobilities in the growth direction as well as of
the sample quality itself.'* The insert of Fig. 2 shows the 10 K in-plane majority hole mobility as
a function of T4. As the T, increases from 370 to 430 °C, the in-plane hole mobilities decrease
six fold. In our previous mobility study of the n-type SLs with increasing InAs layer width,™ the
mobilities were IRS-limited as evidenced by the temperature independence of their mobilities
around 10 K and their classic sixth-power dependence on layer widths. Because hole masses in
the growth direction are an order of magnitude greater than the electron mass, holes are better
confined in the GaSb layers than are electrons in the InAs layers. Hence, holes should be more
sensitive to interface roughness fluctuations than are the more itinerant electrons. The degree of
interface roughness can be extracted based on the available models,** according to which
mobility « is given by

el
1A
where A is the interface roughness, A the coherence length of interface fluctuations, L
the width of the current-carrying layer, k- the Fermi wave vector, and F(A,kF) is a scattering
integral that depends on screening. Using k' ~890 A and the calculated screening length of

;" ~100 A, we find F(A, kg )~0.010, so that u ~ (1.04><1O7cm2 IV sec)/(é/l)z, where 1 and § are

the numerical values of A and A in A. With 1 ML roughness, 6 =3.048 , so that 4 =12 A at
370 Kand A = 28 A at 420 K; for 2 ML roughness, & =6.096 , and the A numbers are halved.
Therefore, for 1 to 2 ML roughness, A is on the order of 10-30 A, which agrees with our
estimates on n-type SLs for mid-IR detection.™ Overall, the mobility decrease can be ascribed to
the increase of either A or 4.
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In addition, photoluminescence (PL) measurements were used to evaluate the optical
quality of the SLs and to establish a correlation between the observed electrical properties and
optical quality. The PL peak corresponds to the band gap recombination of photoexcited
minority carriers (here, electrons) in the InAs layer with residual holes in the GaSb layer, which
makes the PL intensity sensitive to the electron-hole wave function overlap as well as to the
presence of any nonradiative recombination processes. The PL measurements were performed
by exciting the sample with a diode pumped Neodymium Vanadate (Nd:YVO4) laser at 532 nm.
The sample was placed in an optical Janis cryostat and the emitted PL intensity was detected
with a nitrogen cooled InSb detector. Figure 3 shows three representative luminescence spectra
with absolute intensities collected from the SLs grown at 380, 400, and 420 °C. For all SLs in
the series, the peak energy and the full width at half maximum (FWHM) are around 300-305
meV and 6-7 meV regardless of T4. Since the peak position remains constant, the confinement
potential for the carriers is independent of the Ty, from which we infer that the interface
abruptness characterized by A does not change. This is further corroborated by the invariance of
the FWHM of the spectra in Fig. 3. By contrast, the PL spectra in Biirkle’s study® show a
pronounced red shift of 11 meV, which they attributed to the reduced abruptness of their SLs
through interface inter-diffusion involving anion interchange. Our findings suggest that the
behavior of the mobility in the insert of Fig. 2 is due to the increase in the correlation length A
rather than in the height A of interface fluctuations.



Figure 3. The 5 K photoluminescence spectra of three 7 ML InAs/8 ML GaSb superlattices
grown at 380, 410 and 420 °C, respectively. The inset shows the PL intensity as a function of
growth temperature.

The insert of Fig. 3 plots the 5 K PL intensity as a function of Ty showing four fold
increases in intensity as Tg increases from 370 to 400 °C, and reaching the maximum at 410 and
leveling off, which is similar to the behavior observed in Ref. 10. Birkle et al. used different
mechanisms to explain the PL behavior in their n- and p-type samples. In their p-type samples,
the intensities saturate, which is explained by the nonradiative recombination of minority
electrons that diffuse to the SL surface. Since such recombination is independent of hole
concentration, the PL intensity is independent of Ty. In our case, the diffusion length

L, =+/KgTunz, /€ , SO with the electron mobility z, =3,000 cm?/Vsec, T =10 K, and the minority

carrier lifetime r, =10~ sec,'® we find L, =5000 A, which is on the order of the SL thickness,
consistent with the mechanism explained above. For our p-type samples, we explain the initial
fast rise in the PL intensity by a rapid decrease in the number of nonradiative recombination
centers such as vacancies in the SL itself, which agrees with the behavior of the carrier
concentration data in Fig. 2. As the samples become more p-type, the PL intensity is also
enhanced by the increase in the number of holes for electrons to recombine with. Then, as
nonradiative defects are reduced, surface recombination becomes the rate limiting step and the
PL intensities saturate.

In minority carrier devices, device performance relies on the carrier transport, therefore
we studied two other growth parameters; in-situ post annealing and interface control to improve
carrier mobilities and interface/layer quality. For annealing study, four SLs were grown at 400
°C, and three SLs were annealed in-situ at 450, 475 and 490 °C for 15 minutes under Sh-over



pressure immediately after SL growth. Carrier density and in-plane mobility of annealed
samples were then compared to those of the unannealed sample in figure 4.
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Figure 4. The carrier density (e) and in-plane mobility ( ) of annealed superlattices comparing
with those of unannealed superlattices.

For the carrier density, we observed no significant difference between un-annealed and
annealed samples, all of which showed a density around 1.6x10™ cm™. For the majority carrier
mobilities, in-situ annealing improves the mobility slightly, especially at higher annealing
temperatures (above 450 °C), but the factor of 1.5 is not considered significant. All annealed
SLs in this set were residual p-type as well.

Another growth parameter studied to improve interfacial quality was interface control. In
InAs/GaSh SLs grown on GaSb substrates, InAs will be in tension and adjusting the interface
shutter sequences to relieve this tension is required to grow thicker and dislocation free
structures. Much effort has been devoted to controlling the interface to produce smoother
interfaces. Without intentional interface control in our GaShInAsGaSb...growth sequence, InSb-
like interfacial bonds naturally form for InAs-on-GaSh, while GaAs-like bonds are likely for
GaSh-on-InAs, resulting in -0.13 % strain (tension), which is measured by HRXRC. Asa
systematic approach to study the effect of interface shutter sequence on the strain and interfacial
quality, four variations of interface shutter sequences were investigated, noted as; InSb/GaAs,
InSb/InSb, GaAs/GaAs, and GaAs/InSh. The interface formation order was written from the left
to the right. For example, to form the InSb/GaAs interface sequence; immediately after GaSh
layer growth, the Ga shutter was closed while Sbh-flux continued for 1 second and 0.3 A of
indium (1 s) was then deposited without Sb-flux and then InAs layer growth was continued.
After InAs layer growth, the In shutter was closed while As-flux continued for 1 s and then 0.3 A
of gallium (0.5 s) was deposited without As-flux and continued GaShb layer growth. The
amounts of interface mentioned here are estimated values from shutter sequence time, and more
practically, will be mixed quaternary alloys of In,Ga;«SbyAsi.y. All SLs in this set were grown
at 400 °C, the measured structural and electrical parameters were summarized in Table 1. The



table shows that measured periods of all five SLs were around 45 A as intended, however the
strain and in-plane mobility were very sensitive to the interface shutter sequences. Since InSb-
like (GaAs-like) interface would relieve tension (compression), the combination of both types of
interfaces can be used profitably to balance strain in the SLs. For our series, by inserting two
InSb (GaAs)-like interfaces, the -0.13 % of strain was able to be relieved to +0.10 % (-0.3 %).
The strain values with different combination of interface types can be found in Table 1.

Table 1. Data summary of 21 A (InAs+IF)/24 A (GaSb+IF) superlattices. The 0.3 A of InSb-like or/and
GaAs-like interfaces (IF) were inserted between the layers and their values were estimated from shutter
time. The 0/0 represents uncontrolled interface. The R, ns and Y represent resistivity, hole density and in-
plane hole mobility.

Interface type Period Strain Rs Ns 1
A % Q/sq x10™ cm™ cm?/Vs
0/0 44.8 -0.13 8563 1.8 4104
InSh/GaAs 454 -0.08 3412 2.8 6600
InSb/InSh 455 +0.10 7000 2.0 4355
GaAs/GaAs 45.2 -0.30 7682 15 5500
GaAs/InSb 45.1 -0.15 42000 58 26

For the interface abruptness, among the four interface types described in Table 1, the
InSb/GaAs is the most desirable (expected to be formed the smoothest interface) and the
GaAs/InSb the least desirable (the roughest) interface sequence, because it is the former that
promotes natural interfacial bonds on both sides. This demonstrated from the result shown in
Table 1, where we observe a drastic reduction in the in-plane mobility of the GaAs/InSb
interface sequence (26 cm?/Vs) whereas the others show a moderate improvement in comparison
to the uncontrolled sequence 0/0 (4100 cm?/Vs). With the GaAs/InSb interface sequence, the
carrier doping density increased from the low 10™ cm™ range to 6x10' cm™, demonstrating the
sensitivity of interface shutter sequence on the quality of layers/interfaces, and thus carrier
doping and mobility. Figure 5 summarizes the effect of different interface shutter sequences on
carrier properties. All SLs with controlled interfaces were residual p-type.



Figure 5. The carrier density and in-plane mobility of the 21 (InAs+1F)/24 (GaSb+IF)
superlattices with four variations of interface shutter sequences. The 0/0 represents uncontrolled
sequence.



4.0 CONCLUSIONS

Several SL growth parameters were tuned for the lower carrier doping density and higher
mobility in a typical mid-infrared 21 A InAs/24 A GaSb SLs. Over the 370-430 °C growth
temperature (Tg) range studied, the lowest doping density of 1.7x10™ cm™ was achieved at 400
°C and overall residual density remained in low 10™ cm™ even with large differences in growth
temperatures. With increasing Ty, however, in-plane carrier mobility decreased from 8740 to
1400 cm?/Vs. Overall carrier density from all SLs grown at 400 °C remained around 1.6x10™
cm with or without in-situ post annealing and in-plane carrier mobility showed slight
improvement with annealing especially at higher annealing temperatures of 475 °C and above.
We demonstrated in-plane carrier mobility could be used as an indirect assessment of
interface/layer quality. With improper interface shutter sequence, doping densities increased
from ~2x10™ to ~6x10'2 cm™ and simultaneously carrier mobilities dropped from 6600 to 26
cm?/Vs. All SLs studied in the paper were residually p-type.
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